The yeast three-hybrid system (Y3H), a powerful method for identifying RNA-binding proteins, still suffers from many false positives, due mostly to RNA-independent interactions. In this study, we attempted to efficiently identify false positives by introducing a tetracycline operator (tetO) motif into the RPR1 promoter of an RNA hybrid expression vector. We successfully developed a tight tetracycline-regulatable RPR1 promoter variant containing a single tetO motif between the transcription start site and the A-box sequence of the RPR1 promoter. Expression from this tetracycline-regulatable RPR1 promoter in the presence of tetracycline-response transcription activator (tTA) was positively controlled by doxycycline (Dox), a derivative of tetracycline. This on-off control runs opposite to the general knowledge that Dox negatively regulates tTA. This positively controlled RPR1 promoter system can therefore efficiently eliminate RNA-independent false positives commonly observed in the Y3H system by directly monitoring RNA hybrid expression. [BMB reports 2010; 43(2): 110-114]
INTRODUCTION
Recent research on RNA-protein interactions has increasingly shown their importance in numerous biological processes. Consequently, various methods have been developed for the identification of RNA-protein interactions. The yeast three-hybrid (Y3H) system is a powerful method for screening proteins that interact with RNAs in vivo (1) . In the Y3H system, an MS2-bait RNA hybrid is expressed together with a DNA binding domain-MS2 fusion protein and a transcription activating domain-prey fusion protein in Saccharomyces cerevisiae. The interaction of these two protein hybrids with the 3rd RNA hybrid leads to transcriptional activation of reporter genes.
However, despite many advantages, the Y3H system still suffers from numerous false positives due mostly to RNA-independent interactions. To identify RNA-independent false positives, prey plasmids should be isolated and retransformed into cells without the RNA hybrid expression vector, which is a time-consuming step not easily applied to large-scale screening. A few methods have been developed for the identification of RNA-independent false positives, including the selection of pink/white colored colonies resulting from ADE2 gene deficiency as well as counter selection of the URA3 gene through 5-FOA (2). However, both methods are still inefficient due to their reliance on the detection of RNA hybrid expression plasmids.
Therefore, a tightly regulated promoter system that modulates RNA hybrid expression would most efficiently identify RNA-independent false positives. Previously, the use of human U6 or H1 promoters in the tetracycline-regulatable synthesis of miRNA or shRNA by RNA polymerase III in mammalian systems was reported (3-6) along with tetracycline-regulatable gene expression by RNA polymerase II or III in yeast (7) (8) (9) . Furthermore, the tetracycline analogue doxycycline (Dox) has little effect on phenotype or gene expression in yeast, even at high concentrations, when used as an inducing agent in the tetracycline-regulatable promoter system (10) . It is noteworthy that all tetracycline-regulatable promoters were generated by introduction of the tetracycline control element into upstream promoter elements.
To efficiently identify RNA-independent false positives produced by the Y3H system, we introduced a tetracycline-regulatable on-off control system into the yeast RPR1 promoters of RNA hybrid expression vectors, which are commonly used for Y3H. The RPR1 promoter directs the transcription of RNase P RNA by RNA polymerase III in Saccharomyces cerevisiae. Specifically, its promoter elements reside within the transcribed sequence downstream of the transcription start site. Furthermore, RPR1 transcripts are known to be localized in the nucleus, which is an essential requirement for activation of transcription in the three-hybrid system. We therefore succeeded in constructing a tetracycline-regulatable RPR1 promoter that was tightly regulated by Dox. http://bmbreports.org BMB reports 
RESULTS

Construction of pRT3′ series
We designed three kinds of tetracycline-regulatable RPR1 promoter variants. Commercially available RNA hybrid expression vector pRH3' (Invitrogene) was chosen for modification by the introduction of the on-off controllable system. pRH3' contains the MS2-bait fusion RNA expression unit that initiates transcription from the yeast RPR1 promoter upon recognition by RNA polymerase III. The RPR1 gene encodes RNase P RNA, which is the catalytic component of RNase P and acts as a tRNA processing enzyme that generates the mature 5' end of tRNA from its precursor. The RPR1 promoter has tRNA gene-like A-box and B*-box promoter elements present within the transcribed sequence (11) . Therefore, we placed the tetracycline operator sequence (tetO) in promoter sites other than the A-box or B*-box, such as the sequences immediately before and after the transcription start site as well as the sequence between the A-box and B*-box. tetO substitution derivatives were generated by replacing each original sequence with tetO. The resulting pRH3' promoter derivatives were named pRH3'A, pRH3'B and pRH3'C, and were further modified into the final expression vectors pRT3'A, pRT3'B and pRT3'C, respectively, by insertion of the tetracycline-responsive transcription activator (tTA) expression unit (Figs. 1 and 2). The correct level of tTA protein expression is crucial for on-off control of transcription by the promoter. This is because excess tTA expression prevents the ligand Dox from titrating out tTA, thereby resulting in a significant decrease in on-off control. Therefore, we used the tTA expression unit from the pTet-off vector (Clontech) since its expression is derived from the very weak human cytomegalo virus (CMV) promoter. This tTA expression unit previously produced the best induction/background ratio when used for tetracycline-inducible protein expression in yeast (12) . http://bmbreports.org 
Yeast three-hybrid assay with pRT3' series
We assessed the on-off control of the RNA hybrid expression vectors pRT3'A, pRT3'B and pRT3'C using the Y3H system in the presence or absence of Dox. We used rat ferritin light chain iron-responsive element (IRE) as the RNA bait and rabbit iron regulatory protein 1 (IRP) as the protein-partner. The IRE RNA sequence was cloned into the expression vectors pRT3'A, pRT3'B and pRT3'C, as well as the control plasmids pRH3'A, pRH3'B and pRH3'C, which did not contain the tTA gene expression unit. To evaluate on-off control, we examined the expression of HIS3 by observing growth on histidine-lacking media as well as the expression of lacZ by the appearance of blue colonies in the presence of X-gal (Fig. 3) . Only pRT3'B showed on-off control of MS2-IRE RNA hybrid expression upon Dox treatment. Expression of HIS3 and lacZ was activated by 10 μg/ml of Dox, but was not observed in the absence of Dox. In contrast, both pRT3'A and control vector pRH3'A led to the constitutive expression of HIS3 and lacZ, suggesting that the binding of tTA to tetO did not affect expression of the MS2-IRE RNA hybrid. Morever, HIS3 and lacZ expression was not observed for pRT3'C, regardless of whether or not Dox was present. Therefore, the original sequence that was substituted by tetO for formation of RPR1 promoter derivative pRT3'C might be essential for RPR1 expression. Dose-dependent experiments with pRT3'B showed that 0.5 μg/ml of Dox is sufficient for activation of HIS3 and lacZ expression (Fig. 3B, C) .
However, the number of colonies grown on histidine-lacking media that contained pRT3'B accounted for just one fourth of those containing the original vector pRH3' (Fig. 3A) , suggesting that tetO substitution of pRT3'B lowered RNA expression from the RPR1 promoter. Interestingly, on-off control of MS2-IRE hybrid RNA expression by pRT3'B ran opposite to the general function of tTA http://bmbreports.org BMB reports protein, which is the binding to the tetO motif and activating of transcription. In this case, Dox detaches tTA from tetO and consequently inhibits transcription. However, expression of RPR1 promoter variant pRT3'B was observed only in the presence of Dox. Therefore, tTA functioned as a repressor rather than an activator for RPR1 promoter variant pRT3'B (Fig. 4) .
DISCUSSION
We successfully developed an on-off controllable RNA polymerase III dependent yeast RPR1 promoter and applied it to an RNA hybrid expression vector within the Y3H system for confirmation. The resulting RNA hybrid expression vector pRT3'B has numerous advantages over other previously studied induction systems that utilize RNA polymerase II promoters or RNA polymerase III promoters (7) (8) (9) . First, the RNA polymerase III-dependent RPR1 promoter has a greater capacity to synthesize RNA transcripts than do RNA polymerase II-dependent promoters. Second, the RPR1 promoter has A-box and B*-box internal promoter elements, which are non-optimized consensus sequences, in the leader sequence of RNase P RNA (12) . Since this leader sequence is thought to increase the stability and accumulation of transcripts from the RPR1 promoter in the nucleus, pRT3'B could be the optimum on-off controllable RNA expression vector for Y3H assay. We generated three pRT3' vectors each with the tetO motif substituted into different regions of the RPR1 promoter. Accordingly, these three vectors showed different patterns of expression. Substitution of the sequence between the transcription start site and the A-box sequence of the RPR1 promoter with tetO showed successful on-off controlled expression. However, replacement of the sequence immediately before the transcription start of RPR1 had almost no effect on expression regardless of whether Dox was present or not. Finally, expression was not observed when the sequence between the A-box and B*-box of the RPR1 promoter was replaced. These results suggest that the upstream sequence immediately preceding the transcription start site is not essential for RPR1 expression and that binding of tTA to this region does not interfere with initiation of transcription. In contrast, the sequence between the A-box and B*-box appears to be crucial for RPR1 expression since the three-hybrid interaction was not observed regardless of Dox treatment. Therefore, RPR1 transcription may require not only the A-box and B*-box but also the sequence between them. Alternatively, once the RPR1 gene is transcribed, altered transcripts may go through different metabolic pathways. For example, they may be rapidly degraded or not localized to the nucleus where the three-hybrid interaction occurs.
Another interesting finding in this study is that pRT3'B shows transcription only in the presence of Dox, indicating that binding of tTA protein to the sequence between the transcription start site and the A-box sequence of the RPR1 promoter inhibits transcription (Fig. 4) . This stands in contrast with previous studies that found that binding of tTA to tetO activates initiation of transcription (13) .
The on-off controllable RPR1 promoter system developed in this study can efficiently eliminate RNA-independent false positives inherent in the Y3H assay due to the direct monitoring of RNA hybrid expression rather than the existence of RNA expression plasmids. Furthermore, since this system is positively regulated by Dox, it can be used to conditionally express other RNA molecules such as miRNA and shRNA in yeast.
MATERIALS AND METHODS
Plasmids
Yeast three-hybrid system vectors pYESTrp3/IRP, pRH3' and pRH3'/IRE were obtained from Invitrogen (Carlsbad, CA). pRS425/ LexA-MS2 was kindly provided by Prof. J. Kim. pTet-off vector was from Clontech (Mountain View, CA).
Strains
Saccharomyces cerevisiae strain L40-ura3 (MATα, ura3-52, leu2-3112, his3Δ200, trp1Δ1, ade2, LYS2::(LexA op)4-HIS3, ura3::(LexA-op)8-lacZ) was used to test the yeast three-hybrid system (2) . The E. coli K-12 strain DH5α was used for plasmid propagation.
Construction of pRT3 series
To incorporate a tetracycline operator sequence (tetO) into the RPR1 promoter, a BamHI fragment containing the RPR1 promoter of plasmid pRH3' was used as a template for promoter modification by PCR. The strategy for promoter modification was to substitute a tetO sequence (5'-TCCCTATCAGTGATAG AGA-3') for the original promoter sequences at three different sites: immediately upstream (for the RPR1-tetO-A promoter) and downstream (for the RPR1-tetO-B promoter) of the transcription start site, as well as between the A-box and B*-box (for the RPR1-tetO-C promoter). PCR modification of the RPR1 promoter was performed basically according to the SOEing method (14) . Briefly, the first PCR reactions were performed independently with P1/P2A and P3A/P4 primer pairs. The resulting PCR products were mixed and further amplified by the second PCR reaction using a P1/P4 primer pair to generate the RPR1-tetO-A promoter-containing DNA fragment. The RPR1-tetO-B and RPR1-tetO-C promoter-containing DNA fragments were amplified by the same procedure, except that P1/P2B and P3B/P4 primer pairs and P1/P2C and P3C/P4 primer pairs were used in the first PCR reactions, respectively. The modified RPR1 promoters were cloned into the BamHI site of pRH3' in order to generate pRH3'A, pRH3'B and pRH3'C. Next, a HindIII/XhoI fragment of pTet-off (Clontech) containing the tTA expression unit was cloned into pRH3'A, pRH3'B and pRH3'C to generate the final vectors pRT3'A, pRT3'B and pRT3'C, respectively. The rat ferritin light chain IRE sequence-containing EcoRI fragment of pRH3'-IRE was then inserted into pRH3'A, pRH3'B and pRH3'C. All constructs were confirmed by sequencing analysis. The following primers were used: P1, 5'-TAG TGG ATC CGG GGG ATC TGC CAA TTG-3'; P2A, 5'-TCT CTA TCA CTG ATA GGG AAC TAT AGG GGA GTA T-3'; P2B, 5'-TCT CTA TCA CTG ATA GGG ACA ATC GAA ACG AAA A-3'; P2C, 5'-TCT CTA TCA CTG ATA GGG ATA CCA TGT GCG CCA C-3'; P3A, 5'-TCC CTA TCA GTG ATA GAG ATT GTT TTA CGT TTG A-3'; P3B, 5'-TCC CTA TCA GTG ATA GAG ATG GCG CAC ATG GTA C-3'; P3C, 5'-TCC CTA TCA GTG ATA GAG AGG GAA CGA AAC TCT G-3'; P4, 5'-ACG GGG GAT CCA CTA GTT CTA GCC GGA A-3'. Two sequencing primers pRH Fwd (5'-CTG TCT CTA TAC TCC CCT ATA G-3') and pRH Rev (5'-CAA AAT TCA ATA GTT ACT ATC GC-3') were also used.
Yeast three-hybrid test
L40-ura3 cells were co-transformed with pRS425/LexA-MS2, pYESTrp3/IRP and bait vector containing IRE according to the LiAc/Single-strand carrier DNA/PEG method (15) . Selection was performed on SD-Trp-Leu-Ura-His and SD-Trp-Leu-Ura plates with or without Dox. Reporter activation was assessed by colony formation on appropriate selective media in the presence of 0.0-10.0 μg/ml of Dox and by β-galactosidase filter assay.
β-galactosidase filter assay
Activation of the lacZ reporter gene was assayed by qualitative filter assay according to a slightly modified previous procedure (16) . Yeast cells containing three-hybrid plasmids were grown on nitrocellulose filters placed onto SD-Trp-Leu-Ura plates with 0.0-10.0 μg/ml of Dox for 2 days. The cells were subjected to one freeze/thaw cycle by placing the filters at −70 o C for 20 min. Next, the filters were moved onto 3MM Whatman paper in a petri dish and saturated with Z-buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 0.27% of β-mercaptoethanol) containing 1 mg/ml of X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactoside) and 0.002% of SDS. Dishes were incubated colony side up at 30 o C for 1 h.
